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ABSTRACT
While there are numerous data on the skeletal muscle fibre type composition in adults, little is known about the changes
in fibre type composition and contractile properties during maturational growth in children. Using noninvasive
tensiomyography we measured contraction time, an indirect estimate of the myosin heavy chain I (MHC-I) proportion,
to assess the longitudinal changes of the biceps brachii (BB), biceps femoris (BF), vastus lateralis (VL), and erector
spinae (ES) muscles in 53 boys and 54 girls. The children were 9 years at the start of the study and returned for 5
follow-up measurements till the age of 14 years. The ES has the shortest and the BF has the longest Tc. The VL and
ES of boys have shorter Tc than those from girls. When applying the relationship between proportion of MHC-I and
Tc established in adults to the children TMG data, we found a slow-to-fast transition in the VL between at least the
age of 6 and 10 years, when it had stabilized to adult proportions. Regular participation in sport was associated with a
faster BF, but not in VL. Our data represents a first non-invasive indication of the developmental changes in muscle
fiber type composition in children.
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What are the new findings:


The contraction time of skeletal muscles depends on age, sex and it is muscle specific;



There is a slow-to-fast transition in the vastus lateralis MHC-I between at least the age of 6 and 10 years;



Regular participation in sport was associated with a shorter contraction time in biceps femoris, but not in
vastus lateralis.
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INTRODUCTION
Skeletal muscle is indispensable for locomotion, maintenance of body posture and health. To realize
locomotion the muscles have to produce power, by generating force and shortening at the same time. Fast fibres can
generate about three times as much power as slow fibers of a given size, and this is largely attributable to their 3-times
higher maximal shortening velocity, while the force per cross-sectional area does not differ much, if at all, between
fibre types[14]. The speed of muscle contraction is largely determined by fibre type composition. The performance of
sprinters is therefore helped by a large proportion of fast type II fibres and that of marathon runners by a large
proportion of type I fibres. In children, knowing the fibre type composition may be used to help in formulating an
informed advise of taking up a sport in which they most likely will excel.
While there are numerous data on the fibre type composition of skeletal muscle in adults and adolescents, we
are aware of only seven cross-sectional studies on the fibre type composition of muscle from children between the age
of 2 months to 11 years [1,15,20-22,26,39]. Only three of the studies obtained samples from the same skeletal muscle
(vastus lateralis-VL) [1,15,21] in the population aged from 6 to 27 years, where [1] reported for 6-year olds that the
percentage of type I fibers was similar to that in the VL from adults involved in endurance training. While the VL is
the most commonly studied muscle, other muscles are as important in childhood for coherent posture, coordinated
motor development, sport performance and health. The other few studies [20-22,26,39] investigated different muscles,
making a systematic evaluation of changes in the fibre type composition of a given muscle during early maturation
almost impossible. We know of only one longitudinal study that examined the changes of VL composition from
childhood to adulthood [15] and hence detailed information of longitudinal changes in fibre type composition of VL
and in other muscles during maturational growth are not available.
One of the main causes of the lack of information on changes in fibre type composition during maturational
growth is related to the fact that this information is usually obtained from invasively obtained skeletal muscle biopsy
samples. Such samples are difficult to obtain from healthy children due to ethical issues, let alone taking repeated
samples during maturation from a range of muscles in the same child. These considerations were among the main
reasons to develop tensiomyography (TMG), a non-invasive approach to measure skeletal muscle contractile
parameters [37,38], that indeed appeared to predict 87% of the variance of the proportion of type I myosin heavy chain
in the VL of adults, where the contraction time (Tc) alone accounted for 77% of the variance [33].
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Therefore, the objectives of our study were to compare (i) the Tc between VL, long head of biceps femoris
(BF), erector spinae (ES), and biceps brachii (BB) muscles; ii) sex-related differences in Tc in abovementioned
muscles; (iii) to assess longitudinal age-related changes in the myosin heavy chain 1 (MHC-1) proportion of the VL
using our previously developed model; and (iv) to assess in a subgroup of children the effect of regular exercise on Tc
in VL and BF muscles, using TMG. We hypothesized that longitudinal age trend of VL MHC-1 is in accordance with
previous findings obtained by invasive procedures for both sexes and that regular sport exercise decreases Tc.

METHODS
Participants
At the start of the study the children (n=257) were 9.0±.5 years old, being selected from the same class and
not exactly the same age. Only Caucasian children were included without any history of neuromuscular disorders. The
children were recruited from four randomly selected primary schools in three of the most populated regions of Slovenia.
All third-grade children were invited to participate in the study. After a presentation, about 60% parents of the invited
children agreed to participate in the study. Informed consent was obtained from the parents of all individual participants
included in the study. All procedures meet the ethical standards of this journal [17] and were performed in accordance
with the ethical standards of the National Medical Ethics Committee of the Republic of Slovenia and with the 1964
Helsinki declaration and its later amendments.
Initial and five follow-up measurements took place in approximately yearly intervals, being in the range of
242 to 304 days, only between 3rd and 4th measurement was 511 days. The data presented here included only those
children who completed all six measurements; this was the case in 107 children (53 boys; 54 girls), average age 9.1±.5
years (Table 1).

Table 1:
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Study design
In the longitudinal research design we repeated the measurements on the children during their progression
from the third to the eighth primary school grade, six times. We followed the same procedure during each session. One
week before each measurement, we notified each school and asked them to follow a specific protocol; no major
physical or sport activity should be performed 2 days before the measurement and all children had to be available for
the measurements. In each child, we first measured body height and mass, followed by TMG measurements and a short
questionnaire.

Tensiomyography
TMG is a non-invasive, selective, and easy to administer tool, which measures muscle belly enlargement in
transversal plane during an isometric twitch contraction with a means of digital high-precision displacement sensor to
assess the mechanical response of superficial muscles [37]. The main advantage of TMG is selective assessment of
skeletal muscle mechanical response to electrical stimuli that encompasses intrinsic properties of muscle belly
contraction [31]. TMG is a mechanomyographic method with main distinction – TMG sensor applies 0.2N/cm2 pretension on the muscle belly before the measurement is performed [38] to assure high signal-to-noise ratio [31], high
reliability [32] and validity to assess MHC-I proportion [33].
TMG was done on the muscles of the dominant leg or arm: BB, ES, VL, and BF in isometric conditions and
took approximately 20 minutes. The measurements on the VL were performed supine at 30° knee flexion, while on
the BF was performed prone at 5° knee flexion. The measurements on the BB were performed sitting at 90° elbow
flexion, arm pronation, and at 0° shoulder flexion, rotation, and adduction. Measurements on the ES were performed
prone at 0° hip flexion, arms resting in parallel with the body and head facing downwards.
All muscles were relaxed before and after the measurement (twitch contraction). The oscillations of the
muscle belly in response to an electrically-induced twitch were recorded on the skin surface using a sensitive
displacement sensor (Linear digital comparator, TMG–BMC, Slovenia), at a 1-kHz sampling frequency. To assure
high between day reproducibility of the TMG measurements we followed strict protocol of sensor and electrode
placement as well as joint angles standardization (using standard support pads), limb fixation techniques, assuring
resting muscle tone by visual inspection and palpation, and maximal twitch stimulation amplitude. The sensor was
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perpendicular to the skin overlying the muscle belly: in the VL at 30% of femur length above the patella on the lateral
side; in the long head of BF at the midpoint of the line between the fibula head and the ischial tuberosity; in BB at 40%
of the humerus length above the radius head on the lateral side; and in ES (longissimus part) at the height of the iliac
crest.
To elicit a twitch contraction we applied a single 1 ms pulse through the self-adhesive cathode and anode that
were placed 5 cm distally and 5 cm proximally to the measuring point, respectively. The stimulation current amplitude
at the start was just above the contraction threshold and was then gradually increased until the amplitude of the TMG
response did not increase further. Two maximal twitch responses were recorded and saved.
From every twitch response the maximal displacement amplitude (Dm), delay time (Td), contraction time
(Tc), and relaxation time (Tr) were calculated as proposed by Valencic [37,38]. The Dm (in mm) was defined as the
peak amplitude in the displacement-time curve of the TMG twitch response. Td (in ms) was defined as the time between
the electrical stimulus and displacement of the sensor to 10% of Dm; Tc (in ms) was the time between 10% and 90%
Dm; and Tr (in ms) was the time from 90% Dm to decline to 50% Dm in the relaxation phase. The average value
extracted from two twitch responses was used for further analysis.

Proportion of VL MHC-1 estimation
The proportion of MHC-1 in VL was estimated using the multiple linear regression model [33]. Using three
TMG parameters as predictors (Td, Tc, and Tr) we calculated the MHC-1 proportion (Equation 1):

MHC 1 %  2.980  Td  2.829  Tc  0.127  Tr  121.023

[1]

Furthermore, the obtained MHC-1 values in the VL of our participants were compared to those reported by
others obtained with muscle biopsies [1,15] to extend and compare age- trends.
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Sport participation assessment
A short questionnaire was used to obtain information about the out-of-school sport participation of the
children. Twenty-nine boys were sporters and 17 non-sporters, while in girls 27 were sporters and 17 non-sporters.
Sporters were members of the same sport clubs with at least three hours per week of organized exercise over at least
the last 5 years. Children that were not members of sport clubs during a 5-year period were considered non-sporters.
A comparison between sporters and non-sporters was performed for VL and BF muscles. Furthermore, we extrapolated
our data in both groups with TMG data to adult values and compared those with data seen in the adult sedentary
population [32], sprinters [27], dancers [42], volleyball players [29], and football players [28].

Statistical analysis
All data are expressed as means ± standard deviation. For all variables the hypothesis of a normal distribution
was tested with visual inspection and the Shapiro-Wilk’s test. The effects of age, sex, and muscle on Tc were tested
with a three-way General linear model with repeated measures (RM GLM), with age (6 levels) and muscle (4 levels)
as within factors and sex (2 levels) as between factors. The effects of age and sex on the estimated MHC-1 proportion
in the VL were tested with a two-way RM GLM with age (6 levels) as within and sex (2 levels) as between factor. If
age was a significant factor then a Bonferroni corrected post-hoc test was used. If there was a significant age x sex
interaction, indicating that age does have different effects in boys and girls, a one-way ANOVA was used to locate
those differences. A regular sport effect on the Tc of the VL and BF was evaluated in a subgroup of children using a
four-way RM GLM, with age (6 levels) and muscle (2 levels) as within factors and sex (2 levels) and sport (2 levels)
as between factors. We excluded 3-way interactions in the analysis. Partial eta-squared (η2) was used to estimate the
effect size after showing significance at at P < .05 level. η2 values were interpreted as low when below .02, medium if
between .02 and .13, and large if above .26.
RESULTS
Both boys and girls showed a progressive increase in body height (P<.001) and body mass (P<.001). The age
x sex interactions for body height (P<.001) and body mass (P=.028) are reflected by a larger increase in body height
and body mass in boys than girls (Table 1).
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A three-way RM GLM revealed main effects of age (P<.001; η2=.182), muscle (P<.001; η2=.842), and muscle
x sex (P<.001; η2=.093) and muscle x age (P<.001; η2=.109) interactions on Tc. There was no age x sex interaction
and therefore for further analysis each of the muscles was analysed separately, excluding sex x age interactions. A sex
effect was found in BB (P=.003; η2=.082), VL (P=.027; η2=.046), and BF (P=.004; η2=.077), but not in ES. This was
reflected by a longer Tc in the BB and VL in boys than girls and a shorter Tc in the BF of boys than girls (Fig 1). There
were also significant age-effects for the BB, VL, BF and ES (all P<.001). Post-hoc analysis revealed that the Tc was
higher after the age of 11 years in the BB, was decreased between 9.1 and 9.9 years of age in the VL, was increased in
the BF after the age of 9.9 years and was transiently reduced in the ES at the age of 10.6 years (Fig 1).

Figure 1:

We found an effect of age (P<.001; η2=.126) and an age x sex interaction (P=.043; η2=.021) on the MHC-1
proportion in VL as calculated with equation 1 (Fig 2). Post-hoc analyses revealed a decrease in the proportion of
MHC-1 between the age of 9.1 and 9.9 years (P<.001) and a higher proportion of MHC-I in boys than girls after the
age of 12 years (P<.05; Fig 2).

Figure 2

After dividing children into a sport and non-sport group we found an effect of age (P<.001; η2=.110), muscle
(P<.001; η2=.902), age x sport (P=.024; η2=.030), age x sex (P=.021; η2=.030) and muscle x sport interactions (P<.001;
η2=.168) on Tc of the BF and VL. Post hoc analysis revealed no sport effect on Tc in the VL, while in the BF Tc was
longer in non-sporters than sporters after the age of 12 years in boys and girls (Fig 3).

Figure 3
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DISCUSSION
The main findings of our study are that: (i) the BB and VL muscles of boys have higher Tc than that of girls,
while the opposite applies to the BF; (ii) in both boys and girls the VL and ES muscles develops with shorter Tc before
the onset of puberty to then stabilize at levels similar to that observed in adult muscles; (iii) regular participation in
sports was associated with shorter BF Tc in both boys and girls, while there was no effect of sport participation on the
VL Tc. This study thus suggests that during normal prepubertal maturational growth, that was the case also in our
study [30], skeletal muscles in healthy children become faster. Especially, where it is very difficult, for ethical reasons,
to measure directly skeletal muscle MHC or fibre type composition, TMG provides non-invasive information on
changes in functional properties in skeletal muscle during maturational growth.
TMG is a mechanomyographic method that uses displacement sensor to detect the bulging of the muscle belly
during muscle contractions [38]. Using a mathematical-mechanical model for viscoelastic properties of muscle
concluded that damping of the signal is on average for 4.6±3.2 times higher through the longitudinal pathway (torque)
than the transversal pathway (TMG), causing a 42.7% delay in the peak of the twitch response during torque
measurements compared to that detected with TMG [31]. It was therefore suggested that TMG is more suitable to
estimate the intrinsic Tc of the muscle. In line with this, previous studies reported a positive correlation between Tc,
measured with TMG, and the proportion of type I muscle fibres [5,7] and MHC-I in VL [33] and suggests that TMG
can be used to give an estimate of muscle fiber type or MHC-I proportions, at least in the VL muscle.

Differences between muscles
Using TMG, we found that the ES had the shortest Tc, and hence was the fastest muscle, followed by VL,
BF, and BB. A shorter Tc in VL than in BF has also been found in adults [5,7] and corresponds with the lower
proportion of type I fibres in the VL (surface 37.8%; depth 46.9%) than in the BF (66.9%) [18].
While the differences in Tc between the VL and BF appear to correspond with the difference in fiber type
composition between those muscles, this does not apply to the difference in Tc between the VL and ES. While the ES
had the shortest Tc, it has a higher proportion of type I fibers (58.4% and 54.9% at surface and depth) than the VL
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[18]. Part of the discrepancy may be attributable to the relatively small pennation angle in ES (less than 1.6 degrees)
[4,9] in comparison to VL, BF, and BB, where smaller pennation angles result in higher shortening velocities of the
muscle [8]. So far, there have been no studies to assess the effects of muscle architecture on TMG-measured Tc.

Sex-related differences
We found no difference in the Tc of the ES between boys and girls. Boys, however, had a shorter BF Tc than
girls. This would augment the better anaerobic performance in actions where BF is predominantly utilized – e.g. sprints
and jumps [23,36] in boys than girls, especially after the age of 12 years.
The BB and VL have, however, higher Tc in boys than girls, which corresponds with the higher proportion of type I
fibers in the VL reported in 16-year-old boys than girls [15]. This may shift during puberty and adolescence; however,
as in follow up measurements when the participants were 27 years old the MHC-1 proportion had become less than in
the girls [12]. In this context, it is interesting to note that performance in sprints or jumps [23,36] and in peak anaerobic
cycling [12] of boys starts to exceed that of girls after the age of 12 and 14, respectively. While this is undoubtedly
largely attributable to their larger muscle mass, first evident at the age of 12 years [41], the increased contractile speed
beyond that age will further enhance performance. Only two studies reported comparison between TMG parameters
of both sexes, where female adult kayakers have similar Tc as male kayakers [13], while female adult dancers have
shorter Tc in latissimus dorsi and quadriceps muscles and longer Tc in triceps brachii and gastrocnemius muscles [42].
These sex-related differences are expected due to sport specifics, confirming sport participation as an important factor
of skeletal muscle contractile parameters.
Age-related differences
The most intriguing age-related observation is the decrease in Tc in the VL and ES between the age of 9.1
and 9.9 years in both boys and girls, indicating that the muscles became faster in this period. This decrease could be
related to a spinal growth spurt that occurs around that age [10,11], that is associated with loss of muscle flexibility
[24], but it remains to be seen how this could translate into a shorter Tc.
In the ES, a subsequent gradual slowing until the age of 13.6 years followed this. Combining the observations
in the VL with a study on the fiber type composition of the VL in 6-year-old children [1] indicates that this slow-to-
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fast transition in the VL was even more pronounced between the age of 6 and 9.1 years. We did not see such a slowto-fast transition in the other muscles, and also in the triceps surae no evidence for such a fiber type transition was
found, as reflected by the similar twitch contraction time in 7 to 11-year-old children [16].
The Tc in BB increased between 10.6 and the age of 12 years. In comparison to data in adults [40], the BB of
children has a longer Tc, reflecting slower muscles, than that in adults. This is confirmed also with biopsy data where
children (3-7 years) have higher proportion of type I fibers in the BB than adults (54% vs. 42%, respectively)
[18,19,26].
Our data indicates shorter Tc of VL, while longer Tc in BB of children in comparison to adults. A possible
mechanism could be in lower motor-unit activation level of predominantly type 2 fibres in boys (78%) than in men
(95%) in the knee extensors, but not in the elbow flexors [2]. Speculating, lower activation level confirms higher
proportion of inactive type 2 fibres and inactivity leads to higher velocity of contraction of single fibres [3].
As there are no data on fiber type composition of the ES and BF in children and only limited data for VL and
BB muscles, our data represents a first non-invasive indication, although only indirectly, of the developmental trends
in changes in muscle fiber type composition in children.

Sport-related differences
We found that sport participation was associated with a lower Tc in the BF muscle (reflective of a reduction
in the proportion of MHC-I) in both boys and girls after the age of 12 years, while no such effect was seen in the VL.
A similar situation was seen in adult track and field sprinters where sport participation resulted in a higher proportion
of type IIc fibres in the BF, which was also associated with a lower Tc (19.5 vs. 30.2ms, in sprinters vs. sedentary) [6].
It could be that the load on weight bearing muscles from normal daily physical activities in children is already relatively
high in non-sporters and that the non-weight bearing muscles get challenged more during sport participation. If so, this
may explain the larger adaptation to regular exercise in the BF than the VL. When we compare this with specific adult
populations (Fig 3) we see that the response may be sport activity specific as the Tc of male sprinters is 19 ms [27],
25ms in volleyball players [29], 27ms in gymnasts [35] and football players [28], 32 ms in non-athletes [32] and that
of dancers 34 ms [42]. It thus appears that participating in sport as a child may result in a faster profile of the BF, an
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important muscle for fast explosive sports e.g. football, volleyball, sprint, and gymnastics. To support this, we
previously reported that children that were involved in regular sport exercise have also higher sprinting velocity [40]
and that was negatively correlated to BF Tc [26,43]; however, only in boys after the age of 13 years.

Conclusion
In conclusion, we found with TMG that pre-pubertal to early-pubertal boys had in general slower muscles than girls.
During early maturation in the VL there is a slow-to-fast transition between at least the age of 6 and 10 years, that then
appears to stabilize to adult proportions. Regular participation in sport was associated with a faster BF but not VL. Our
data thus represent a first non-invasive, although indirect, indication of the developmental trends in changes in muscle
fiber type composition in children.
Study limitations
The participants were initially recruited from the same class and were not exactly the same chronological age.
The multiple linear regression model for estimating the VL MHC-1 (Equation 1; [33]) was developed on 27 participants
aged between 20 and 83 years. Here we used it to examine our sample of children from 9.1 to 13.6 years of age.
Although this approach has not been validated in children, there are no obvious reasons to believe that it would not
equally well apply to muscles of children. In fact, comparison with the literature reveals close similarities with reported
fibre type compositions derived from biopsies and in most cases known differences in fibre type composition between
muscles were reflected by qualitatively similar differences in Tc. We controlled for maximal stimulation amplitude by
assuring resting muscle tone; however, we did not applied supramaximal stimulation amplitudes due to ethical reasons.

12

REFERENCES
1

Bell RD, MacDougal JD, Billeter R, Howald H. Muscle fibre types and morphometric analysis of skeletal
muscle in six-year-old children. Med Sci Sports Exerc 1980; 12: 28–31

2

Blimkie CJ. Age and sex-associated variation in strength during childhood: Anthropometric, morphologic,
neurologic, biomechanical, endocrinologic, genetic and physical activity correlates. Perspectives in exercise
science and sports medicine Vol. 2. Youth, exercise and sport. In: Gisolf CV, Lamb DR (eds). Indianapolis:
Benchmark Press, 1989: 99–163

3

Caiozzo VJ, Baker MJ, Herrick RE, Tao M, Baldwin KM. Effect of spaceflight on skeletal muscle:
mechanical properties and myosin isoform content of a slow muscle. J Appl Physiol 1994; 76: 1764–1773

4

Cuesta-Vargas AI, Gonzalez-Sanchez M. Relationship of moderate and low isometric lumbar extension
through architectural and muscular activity variables: a cross sectional study. BMC Medical Imaging 2013:
13–38

5

Dahmane R, Djordjevic S, Simunic B, Valencic V. Spatial fiber type distribution in normal human muscle
histochemical and tensiomyographical evaluation. J Biomech 2005; 38: 2451–2459

6

Dahmane R, Djordjevic S, Smerdu V. Adaptive potential of human biceps femoris muscle demonstrated by
histochemical, immunohistochemical and mechanomyographical methods. Med Biol Eng Comput 2006; 44:
999–1006

7

Dahmane R, Valencic V, Knez N, Erzen I. Evaluation of the ability to make non-invasive estimation of
muscle contractile properties on the basis of the muscle belly response. Med Biol Eng Comput 2001; 39:
51–55

8

Degens H, Erskine RM, Morse CI. Disproportionate changes in skeletal muscle strength and size with
resistance training and ageing. J Musculoskelet Neuronal Interact 2009; 9: 123–129

9

Desmoulin G, Milner T. Lumbar mechanics from ultrasound imaging. Canadian Acoustics 2007; 35: 61–68

10

Diméglio A. Growth of the spine before age 5 years. J Pediatr Ortho B 1993; 1: 102–107

11

Diméglio A, Ferran JL. Three-dimensional analysis of the hip during growth. Acta Orthop Belg 1990; 56:
111–114

12

Dorél E, Martin R, Ratel S, Duché P, Bedu M, Van Praagh E. Gender differences in peak muscle
performance during growth. Int J Sports Med 2005; 26: 274–280

13

13

García-García O, Cancela-Carral JM, Huelin-Trillo F. Neuromuscular Profile of Top-Level Women
Kayakers Assessed Through Tensiomyography. J Strength Cond Res 2015; 29: 844–853

14

Gilliver SF, Degens H, Rittweger J, Sargeant AJ, Jones DA. Variation in the determinants of power of
chemically skinned human muscle fibres. Exp Physiol 2009; 94: 1070–1078

15

Glenmark B, Hedberg G, Jansson E. Changes in muscle fibre type from adolescence to adulthood in women
and men. Acta Physiol Scand 1992; 146: 251–259

16

Grosset JF, Mora I, Lambertz D, Perot C. Age-related changes in twitch properties of plantar flexor muscles
in prepubertal children. Pediatr Res 2005; 58: 966–970

17

Harris DJ, Atkinson G. Ethical standards in sports and exercise science research: 2016 update. Int J Sports
Med 2015; 36: 1121–1124

18

Johnson MA, Polgar J, Weightman D, Appleton D. Data on the distribution of fibre types in thirty-six human
muscles. An autopsy study. J Neurol Sci 1973; 18: 111–129

19

Klitgaard H, Zhou M, Richter EA. Myosin heavy chain composition of single fibres from m. biceps brachii
of male body builders. Acta Physiol Scand 1990; 140: 175–180

20

Kriketos AD, Baur LA, O'Connor J, Carey D, King S, Caterson ID, Storlien LH. Muscle fibre type
composition in infant and adult populations and relationships with obesity. Int J Obes Relat Metab Disord
1997; 21: 796–801

21

Lexell J, Sjöström M, Nordlund AS, Taylor CC. Growth and development of human muscle: a quantitative
morphological study of whole vastus lateralis from childhood to adult age. Muscle Nerve 1992; 15: 404–
409

22

Lundberg A, Eriksson BO, Mellgren G. Metabolic substrates, muscle fibre composition and size in late
walking and normal children. Eur J Pediatr 1979; 130: 79–92

23

Martin RJ, Dore E, Twisk J, van Praagh E, Hautier CA, Bedu M. Longitudinal changes of maximal shortterm peak power in girls and boys during growth. Med Sci Sports Exerc 2004; 36: 498–503

24

Millar AL, Raasch P, Robinson Y, Perry WL. Hamstring flexibility of pre pubertal through post pubertal
individuals. Med Sci Sports Exerc 2001; 33: S10

14

25

Österlund C, Thornell LE, Eriksson PO. Differences in fibre type composition between human masseter and
biceps muscles in young and adults reveal unique masseter fibre type growth pattern. Anat Rec (Hoboken)
2011; 294: 1158–1169

26

Pisot R, Kersevan K, Djordjevic S, Medved V, Zavrsnik J, Simunic B. Differentiation of skeletal muscles in
9-year-old children. Kinesiol 2004; 36: 90–97

27

Praprotnik U, Valencic V, Coh M, Simunic B. Maximum running velocity is related to contraction time of
muscle biceps femoris. In Proceedings of the International Sports Medicine Conference; 2001 Sep 26-29:
Dublin (Ireland): Trinity College Dublin; 2001: 189–190

28

Rey E, Lago-Peñas C, Lago-Ballesteros J, Casáis L. The effect of recovery strategies on contractile
properties using tensiomyography and perceived muscle soreness in professional soccer players. J Strength
Cond Res 2012; 26: 3081–3088

29

Rodríguez Ruiz D, Quiroga Escudero ME, Rodríguez Matoso D, Montesdeoca SS, Reyna JL, Guerra YS,
Bautista GP, García Manso JM. The tensiomyography used for evaluating high level beach volleyball
players. Rev Bras Med Esporte 2011; 18: 95–99

30

Rogol AD, Clark PA, Roemmich JN. Growth and pubertal development in children and adolescents: effects
of diet and physical activity. Am J Clin Nutr 2000; 72: 521s–528s

31

Simunic B. Model of longitudinal contractions and transverse deformations in skeletal muscles
(dissertation). Faculty of electrical engineering, University of Ljubljana; 2003: 84p

32

Simunic B. Between-day reliability of a method for non-invasive estimation of muscle composition. J
Electromyogr Kinesiol 2012; 22: 527–530

33

Simunic B, Degens H, Rittweger J, Narici M, Mekjavic IB, Pisot R. Noninvasive estimation of myosin heavy
chain composition in human skeletal muscle. Med Sci Sports Exer 2011; 43: 1619–1625

34

Simunic B, Pisot R. Atrophy dynamics in twelve skeletal muscles during 35 days of bed rest. In Pisot R,
Simunic B, Mekjavic IB (eds). The effect of simulated weightlessness on human organism. Koper: Annales,
2008: 21–34

35

Simunic B, Samardzija Pavletic M. Sport-related differences in contractile parameters: a gymnasts have
shortest contraction time in brachial muscles and vastus lateralis. In: Book of abstracts and book of
proceedings of the 2nd International Scientific Congress; Slovenian Gymnastics Federation, 2015: 53

15

36

Sumnik Z, Matyskova J, Hlavka Z, Durdilova L, Soucek O, Zemkova D. Reference data for jumping
mechanography in healthy children and adolescents aged 6-18 years. J Musculoskelet Neuronal Interact
2013; 13: 297–311

37

Valencic V. Direct measurement of the skeletal muscle tonus. In: Popovic D (edt). Advances in external
control of human extremities. Beograd: Nauka, 1990: 102–108

38

Valencic V, Knez N. Measuring of skeletal muscles’ dynamic properties. Artif Organs 1997; 21: 240–242

39

Verdijk LB, Snijders T, Drost M, Delhaas T, Kadi F, van Loon LJ. Satellite cells in human skeletal muscle;
from birth to old age. Age (Dordrecht, Netherlands) 2014; 36: 545–547

40

Volmut T, Pisot R, Simunic B. The effect of regular sport exercise on muscle contractile properties in
children. In: Eminovic F, Dopsaj M, (eds). Physical activity effects on the anthropological status of children,
youth and adults, (Physical fitness, diet and exercise). New York: Nova Science Publishers, 2016, 41–53

41

Webber CE, Barr RD. Age- and gender-dependent values of skeletal muscle mass in healthy children and
adolescents. J Cachexia Sarcopenia Muscle 2012; 3: 25–29

42

Zagorc M, Simunic B, Pisot R, Oreb G. A comparison of contractile parameters among twelve skeletal
muscles of inter-dance couples. Kinesiol Slov 2010; 16: 57–65

43

Zavrsnik J, Pisot R, Volmut T, Koren K, Blazun H, Kokol P, Vosner J, Simunic B. Lower correlation between
biceps femoris contraction time and maximal running speed in children than in adults: a longitudinal study
in 9- to 14-year old children. Ann Kinesiol 2016; 7: 21–42

16

